Three series of samples of low carbon steel were investigated by the method of Magnetic Adaptive Testing (MAT). The samples were plastically deformed by cold rolling to five consecutive stages of deformation. Samples in one series were magnetically closed, those in the other two series were magnetically open. The presented results of MAT -typical by its low required magnetization of the samples -show highly sensitive and reliable correlation with plastic deformation and as a consequence also with mechanical embrittlement of the investigated material, regardless of the sample shape.
A c c e p t e d m a n u s c r i p t
shapes, each series having five samples of progressively increasing ε -values, were prepared: the picture-frames (samples Af1 -Af5) had thickness 10mm and the external and internal dimensions 25x9mm and 20x4mm, respectively; the rectangular plates (samples Ap1 -Ap5) had dimensions 60x40x10mm; and the rectangular bars (samples Ab1 -Ab5) had dimensions 55x10x10mm. The samples were machined in such a way, that direction of the preceding cold rolling agreed with the longest dimension of each of the samples. Sketch of all the samples can be seen in Fig.1 . The frame samples were equipped with a magnetizing coil (220 turns) and a pick-up coil (180 turns) each. At one side of the bar samples a V-shaped notch was machined, so that the same samples could also be used for Charpy mechanical tests. Detailed mechanical properties of the samples -Vickers hardness (VH), ductile-brittle transition temperature (DBTT), density of dislocations, and TEM micrographstogether with their magnetic reflections by Takahashi's analysis of the minor loops and by MAT can be found in [12] and [13] , respectively.
Fig. 1.
Dimensions and shapes of the frame-, plate-and bar-samples.
Magnetic Adaptive Testing
The non-destructive method of Magnetic Adaptive Testing was developed [7] , and successfully assessed for a number of ferromagnetic materials and modifications of their properties [14] [15] [16] [17] . MAT originated as an expansion of traditional magnetic hysteresis tests. In contrast to the traditional hysteresis methods, where every sample is characterized by its single major hysteresis loop, MAT investigates a complex set of minor hysteresis loops for each sample of the measured series. Every measured set of minor hysteresis loops is then re-computed into a matrix of elements. Each element of the matrix can be used as a magnetic descriptor of the material degradation. Each element is positioned by a couple of field coordinates (F, A), where A is amplitude of the minor loop in question and F is the field-position of the matrix element on the loop. Any succession of matrix elements with the same coordinates, of all the samples, ordered according to the increasing material degradation is called a MAT-degradation-function. Degradation functions with different coordinates react differently to the investigated degradation and MAT uses a procedure, which is able to pick up those, which react optimally to the considered way of degradation of the studied material. The optimal, the most sensitive and the most reliable descriptors are then used for testing of the structural modifications of the material in question.
If the samples are magnetically closed thin rings and the current in the magnetizing coil is varied in a triangular way (as a rule with the amplitude of the triangles gradually increasing by a predefined step), then the signal induced in the pick-up coil is proportional to differential permeability, μ, of the sample material. The recorded signal from each sample is then re-computed into the permeability matrix μ (F, A) . The inside-sample field-coordinates are easily calculated from the corresponding values of the magnetizing current, I F and I A as
with N being number of turns of the magnetizing coil and L the circumferential length of the ring sample. It is advisable to keep absolute value of the time-slope of all the current triangles the same and preferably low.
In case of other sample shapes, with magnetically open samples in particular, the picked up signal is not exactly proportional to differential permeability and mostly it is not easy to re-calculate values of the magnetizing current to the acting field values. As the general shape of the signal recorded on open samples does not differ from the shape of the differential permeability on closed samples qualitatively, however, the primary voltage signal from the pick-up coil is routinely also called the "permeability" μ-signal (actually it is the average differential permeability of the whole non-uniform A c c e p t e d m a n u s c r i p t magnetic circuit created by the magnetizing yoke together with the sample) and the respective matrices of the material-degradation descriptors are also routinely referred to as permeability matrices, μ(I F , I A ). However, as calculation of the field magnitudes inside the open samples is difficult, either just the magnetizing current coordinates, I A and I F , of the descriptors are used or it is necessary to measure the magnetizing field values directly, separated from the measured signal in the pick-up coil (see e.g. [18, 19] ).
Results
Picture-frame samples, Af1 -Af5 Two measurements, assessed at two different Permeameters (P1 and P2), of the picture-frame samples, Af1 -Af5, are presented in Fig.2 . The principal difference between the measurements was the applied rate of change of the magnetizing current. This was 186 mA/s (i.e. the calculated 704 A/m/s magnetizing field rate of change) used with Permeameter P1, and 970 mA/s (i.e. the calculated 3678 A/m/s magnetizing field rate of change) used with P2 at the top row of plots and the bottom row of plots in Fig.2 , respectively. Beside this more than five times difference in the applied magnetizing speed, the measurement at P2 is also characterized by substantially larger signal-to-noise ratio than at P1, given by inherent properties of the two applied measuring set-ups.
The left plots in each of the rows ( The right hand side plots ( Fig.2 c1 and Fig.2 c2) show graphs of several degradation functions chosen from the most sensitive areas of the sensitivity maps. All the degradation functions start at unity, as the sample with zero rolling reduction (Af1) was chosen to be the normalizing reference one. m a n u s c r i p t Plate samples, Ap1 -Ap5
The plate-shaped samples, Ap1 -Ap5, were measured with the aid of a measuring yoke. The yoke used in the measurement presented in Fig.3 was a U-shaped core made of laminated silicon-iron sheets, with N=136 turns of the magnetizing coil wound on the bow of the yoke, and with n=50 turns of the pick-up coil wound on one of the yoke legs. Lateral dimensions of the measuring yoke can be characterized by its cross-section: S=25.8x9.9mm 2 , the total outside length 36.9mm, and the total outside height of the bow 36.5mm. The measurement was performed at Permeameter P1, the rate of change of the magnetizing current was 942 mA/s. The samples were magnetized along the shorter side of the plate, i.e. perpendicular to the direction of the rolling.
Three pairs of graphs are presented in two rows of plots in Fig The bottom row of graphs in Fig.3 starts with the plot (Fig.3 a2) of the same voltage signal as in Fig.3 a1, showing details in the first quadrant only, however. The middle plot (Fig.3 b2) of the second row is the sensitivity map of the direct signal, i.e. of the μ(I Fi , I Aj , ε)-degradation functions. The far right graph (Fig.3 c2) shows several typical μ(I Fi , I Aj , ε)-degradation functions chosen from the most sensitive area of the μ-sensitivity map, with the legend giving their current-coordinates (I Fi , I Aj ) in mA.
It is worth of mentioning that the measured signal (see graph Fig.3 a1 and the same in detail in Fig.3 a2) reveals its two usable areas. Namely that around the magnetizing current values 0<I F <200 mA, and/or that around the magnetizing current values 400<I F <700 mA, where magnitudes of the signals proceed in the reversed order and/or in the same order as the values of the rolling reduction, ε, of the samples, respectively. The 1/μ-sensitivity map in the plot Fig.3 Bar samples, Ab1 -Ab5 Also the bar-shaped samples, Ab1 -Ab5, were measured by a measuring yoke. Fig.4 presents results obtained by Permeameter P2 and the yoke (a similar C-shaped laminated Fe-Si transformer core), with N=200 turns of the magnetizing coil wound on the bow of the yoke, and with n=40 turns of the pick-up coil wound on one of the yoke legs. Lateral dimensions of the measuring yoke (characterized by its cross-section): S=10x8 mm 2 , the total outside length 27 mm, and the total outside height of the bow 26 mm. The rate of change of the magnetizing current was 568 mA/s. The yoke was attached along the length of the bar samples, to the smooth surface at the face opposite to the V-notch.
The arrangement of Fig.4 is the same as in Fig.3 : Namely the far left graph (Fig.4 a1) of the top row presents the voltage signal from the pick-up coil, the middle top plot (Fig.4 b1) is the sensitivity map of the reciprocal signal, i.e. of the 1/μ(I Fi , I Aj , ε)-degradation functions. The far right top graph (Fig.4 c1) shows several typical degradation functions chosen from the most sensitive area of the 1/μ-sensitivity map.
The bottom row of graphs in Fig.4 starts with the plot (Fig.4 a2) of the same voltage signal as in Fig.4 a1, showing details of the first quadrant only. The middle bottom plot (Fig.4 b2) is the sensitivity map of the direct signal, i.e. of the μ(I Fi , I Aj , ε)-degradation functions. The far right bottom graph (Fig.4 c2) shows typical μ-degradation functions chosen from the most sensitive area of the μ-sensitivity map, with the legend giving their current-coordinates (I Fi , I Aj ) in mA.
The measured signal (see graph Fig.4 a1 and the same in detail in Fig.4 a2) reveals its two usable areas. Namely that around the magnetizing current values -50<I F <100 mA, and/or that around the magnetizing current values 150<I F <300 mA, where magnitudes of the signals proceed in the reversed order and/or in the same order as the values of the rolling reduction of the samples, respectively. The 1/μ-sensitivity map in the plot Fig.4 
Discussion
It is an inherent property of MAT -as of any multi-parametric testing of material variationthat the final choice of the descriptors of the investigated changes depends on the experimenter's opinion about what is the optimum result for the investigation in question. This fact is the more emphasized in the present paper, where the low carbon steel material is degraded in the same way, but it is investigated on samples of several shapes and measured by several attitudes. Generally, the basic difference between the attitudes is observed if magnetically closed and magnetically open samples are used.
Magnetically closed samples are the most convenient from the point of view of MAT. The closed samples make a uniform magnetic circuit, no fluctuation of any magnetic contact makes problem, minimum stray field escapes from the coils wound directly on the sample body, the magnetizing field inside the sample material can be easily calculated from the magnetizing current and field coordinates of the convenient degradation functions unambiguously characterize their positions. Our closed samples, Af1 -Af5, were thin picture-frames and the inside-sample fields were similar to those, given by the simple calculation (1) . Results of the MAT measurement presented in Fig.2 show a continuous area of the sensitive 1/μ-degradation functions, starting at minor loop amplitudes far before the saturation amplitude (see Fig.2 b1 b2) , with sensitivity almost independent on the amplitude value (see Fig.2 c1 c2) . The most sensitive area is situated at the magnetizing field values corresponding closely to the top permeability magnitudes of the softest sample Af1 (see Fig.2 a1 a2 and Fig.2 b1 b2 using the coefficient N/L=3793m -1 ). Drop of the direct μ-values in this area of the field coordinates, from "1" of the normalizing sample Af1 down to smaller, positive μ-values (see the black dots in Fig.2 c1) for the other samples material (compressed more and more by the rolling), makes the reason why use of the reciprocal 1/μ-degradation functions, which smoothly increase from "1" to large positive values, is more convenient.
Comparison of the "slow" measurement by Permeameter P1 in the top row of plots in Fig.2 , with the five times faster measurement by P2 in the bottom row, illustrates the ease of increasing the measured signal if needed (as here for instance for obtaining a better signal-to-noise ratio). However, application of a faster rate of change of the magnetizing field is often paid for by getting lower sensitivity of the corresponding degradation functions (compare Fig.2 c1 and Fig.2 c2) , see also [20] for general analysis of the matter.
MAT measurement of the magnetically open plate-samples (Ap1 -Ap5) and bar-samples (Ab1 -Ab5) had to be carried out with the aid of measuring yokes. Even though the MAT results agree with each other (compare Fig.3 with Fig.4) , and also with measurements on magnetically closed samples (compare with Fig.2 ) qualitatively, they differ quantitatively, see also [9] . This means, that any application of Magnetic Adaptive Testing requires the measurements to be always carried out under the same experimental conditions. For the measurement to be quantitatively comparable, it is necessary to apply the same rate of change of magnetization, the same shape of samples, and the same measuring yoke (in case of open samples).
An experimental condition to be discussed separately is the quality of magnetic contact between the measuring yoke and the sample surface. This, of course, is also strictly required to be the same at each of the measurement, as otherwise the uncontrolled fluctuation of the magnetic contact varies the relation between magnitude of the magnetizing current and magnitude of the inside-samplefield arbitrarily, and the current-coordinates of degradation functions are then useless. In case the magnetic contact cannot be kept the same, then the only way how to secure repeatability and reliability of the quantitative MAT testing, is to find out the magnetizing-field-coordinates even at the open samples, namely by an independent determination of the inside-sample field. This is possible by m a n u s c r i p t extrapolation of the tangential field independently measured at the surface of the samples (for analysis of the problem see e.g. [18, 19] ). Some variability of the experimental conditions, including limited fluctuation of the magnetic contact, can be tolerated, however, if the useful degradation functions are picked-up from a convenient area of the sensitivity map. Such convenient areas are the "vertical" white bands, which can be seen in all the sensitivity maps presented in this paper. Examine for instance white band in the μ-sensitivity map of Fig.3 b2. The degradation functions μ-(I F =600A/m, I A ≥750A/m, ε) do not depend on the minor loop amplitude (see Fig.3 c2) , and their field coordinate I F =600A/m can be independently pinpointed as a local maximum of normalized signal minor loops with any amplitude I A ≥750A/m. Magnetic conditions of the degraded samples within these amplitude limits give birth to the identical degradation functions. Moreover, as can be seen in [20] , sensitivity of degradation functions from some areas of the sensitivity map is practically independent on the applied rate of change of the sample magnetization. This makes such MAT evaluation of the material degradation highly robust and tolerant with respect to some degree of fluctuation of the measuring conditions.
As seen from Fig.3 and Fig.4 , MAT measurement on both the plate and the bar samples allowed determination of not only the reciprocal degradation functions sensitive areas - Fig.3 b1 and Fig.4 b1 -close to the top μ-magnitude of the magnetically softest samples (similar to that area in Fig.2 b1 and/or Fig.2 b2 at the frame samples) but it showed one more sensitive area of the degradation functions, this time of the direct μ-degradation functions around the "tail" values of the signal. Figures 3 a1, 4 a1, and in particular the detailed Fig.3 a2, Fig.4 a2 reveal that the magnitudes of the μ-signals are in those "tail" areas ordered directly along with the rolling reduction values of the samples. Fig.3 b2 and Fig.4 b2 show high sensitivity of those direct degradation functions within the μ-sensitivity maps and Fig.3 c2 and Fig.4 c2 give examples of the direct μ-degradation functions from those areas. As shown in [20] , sensitivity of degradation functions derived from the "tail" values of the signal is almost independent on the rate of change of the sample magnetization.
A range of corresponding direct μ-degradation functions was not discovered at the frame samples testing. Partial tendency toward such behavior appeared, but no completely monotonous, increasing, μ-degradation function was found for the frame samples series. This, together with details of shapes of the degradation functions for the presented individual measurements, supports the imperative that best reliable comparison of the MAT measurements is achieved by as close repetition of the experimental conditions as possible.
In cases of smooth MAT measurements, as for instance at the series of the magnetically closed frame-samples, it seems expedient to construct also data matrices of the first derivative of permeability μ' = dμ/dF and/or of its reciprocal values. The 1/μ'-sensitivity map, computed from the 1/μ'-data matrices is shown in Fig.5 together with some representative 1/μ'-degradation functions taken from the area of top sensitivity. As can be seen, stability of determination of the top sensitive 1/μ'-degradation functions within the 1/μ'-sensitivity map is not substantially worse than position of similar 1/μ-degradation functions within the 1/μ-sensitivity map, and even the "vertical band" of independence on minor loops amplitude is present. Sensitivity of the 1/μ'-degradation functions exceeds that of the 1/μ-functions at least twice -compare plots Fig.2 c1 and Fig.5 c. m a n u s c r i p t The MAT measurement on the plate samples was carried out with magnetization of the samples both along the rolling direction and perpendicular to the rolling direction. Slight systematic differences between these two directions of magnetization were observed. However, as also the lengths of the samples in those two directions differ from each other, it was not possible to evaluate any reliable systematic conclusion in this respect. Our measurement suggested that (unlike e.g. in the case of plastic deformation of such material by uniform mechanical tension) magnetic anisotropy with respect to the used rolling conditions was not substantial.
The MAT measurement on the bar samples was carried out with the measuring yokes attached both at the surface without the V-notch and at the surface with the V-notch. Very slight systematic difference in the signal values under these two configurations was observed. However, no substantial inference from this was concluded either. The MAT measurement, being an integral test of the material volume, can hardly be expected to do so.
Detailed investigation of magnetic reflection of traditional mechanical properties of the studied samples via MAT [13] reveals linear dependence of the optimum degradation functions on VH and on DBTT. Steepness of each relation depends on the way of each magnetic measurement, however, all of them are linear and all of them allow determination of VH and DBTT of the material with precision not worse than the mechanical measurements themselves.
Conclusions
Detailed analysis of Magnetic Adaptive Testing investigation of three series of samples of low carbon steel, prepared in the frame of a chain of magnetic non-destructive measurements on round robin samples, organized by the Universal Network for Magnetic Non-Destructive Evaluation, was described. Sample shapes, ways of measurement, signal-to-noise ratios, speed of magnetization and sensitivity and choice of degradation functions were discussed.
Application of MAT required only low magnetization of the samples, and yielded highly sensitive and reliable correlation with compressive plastic deformation of the investigated steel andas shown in [13] -therefore also with its hardness and mechanical brittleness. The method can be successfully applied also on magnetically open samples: identical correlation between magnetic descriptors and mechanical degradation of the material was found both in the magnetically open samples, and in the magnetically closed ones. The presented results produce sound support to next experiments with application of MAT as a magnetic, nondestructive, low magnetization requiring, complementary method to the mechanical destructive tests within surveillance programs of nuclear pressure vessels steel embrittlement. m a n u s c r i p t A c c e p t e d m a n u s c r i p t 
